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Abstract

The creation of transgenic animals is widely utilized in C. elegans research including the use of GFP fusion proteins to study the regulation and
expression pattern of genes of interest or generation of tandem affinity purification (TAP) tagged versions of specific genes to facilitate their
purification. Typically transgenes are generated by placing a promoter upstream of a GFP reporter gene or cDNA of interest, and this often
produces a representative expression pattern. However, critical elements of gene regulation, such as control elements in the 3' untranslated
region or alternative promoters, could be missed by this approach. Further only a single splice variant can be usually studied by this means.
In contrast, the use of worm genomic DNA carried by fosmid DNA clones likely includes most if not all elements involved in gene regulation
in vivo which permits the greater ability to capture the genuine expression pattern and timing. To facilitate the generation of transgenes using
fosmid DNA, we describe an E. coli based recombineering procedure to insert GFP, a TAP-tag, or other sequences of interest into any location
in the gene. The procedure uses the galK gene as the selection marker for both the positive and negative selection steps in recombineering
which results in obtaining the desired modification with high efficiency. Further, plasmids containing the galK gene flanked by homology arms to
commonly used GFP and TAP fusion genes are available which reduce the cost of oligos by 50% when generating a GFP or TAP fusion protein.
These plasmids use the R6K replication origin which precludes the need for extensive PCR product purification. Finally, we also demonstrate a
technique to integrate the unc-119 marker on to the fosmid backbone which allows the fosmid to be directly injected or bombarded into worms to
generate transgenic animals. This video demonstrates the procedures involved in generating a transgene via recombineering using this method.

Video Link

The video component of this article can be found at https://www.jove.com/video/2331/

Protocol

Overview

Many transgenes used in the generation of transgenic C. elegans consist of promoter sequences and perhaps a gene cDNA cloned into one
of the vectors generated by the lab of Dr. Andy Fire 1. While these transgenes are often successful with regards to producing a GFP reporter
gene or expressing a cDNA in a desired pattern, these transgenes can lack the alternate promoters, enhancer elements, and 3' untranslated
region (UTR) elements which play important roles in the control of gene expression in vivo 2. For example, both the daf-12 and fah-1 genes
have important enhancer elements which lie outside of the proximal promoter which were missed in promoter only constructs 3,4,5. Further many
transgene constructs use the unc-54 3'UTR which prevents regulation by the appropriate microRNA genes 6,7,8. Consequently, generating
transgenes with large segments of worm genomic DNA would be ideal for capturing all of promoters, splice variants, and 3' UTR control
elements. Recently a C. elegans fosmid library which consists of ~40 kb regions of genomic DNA and covers almost all of the genome has been
constructed. The use of worm genomic DNA carried by these fosmid DNA clones results in the greater ability to capture the genuine expression
pattern and timing of specific genes 2,8,9,10,11.

However, working with large regions of genomic DNA poses practical challenges such as the great difficulties in using standard molecular biology
techniques 12. To overcome these limitations, techniques to modify fosmids or bacterial artificial chromosomes via homologous recombination
in E. coli have been developed and are termed recombineering 12,13. Recombineering allows the seamless insertion of GFP, a tandem affinity
purification (TAP)-tag, or other sequences of interest into any location in the gene carried by the C. elegans fosmid clone 2,10,14. Homologous
recombination occurs between a PCR product flanked by 50 bp regions of homology to the target site and the target DNA in specially modified E.
coli strains.

We have recently described a two-stage procedure for the modification of C. elegans fosmids by recombineering which involves inserting the
galK gene at the desired location and then replacing this gene with the desired sequence 2. The galK gene serves as an effective selection
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marker for both steps in the process as it can be selected for and against via the use of selective growth medium 15. In the first stage of fosmid
modification, the galK gene is inserted via homologous recombination at the desired location, and the correctly modified fosmids identified
by positive selection for the ability to utilize galactose as a carbon source 2,15. In the second stage, the galK gene is replaced by the desired
sequence, and the correctly modified fosmids are identified through negative selection against the galK gene through use of the toxic galactose
derivative deoxygalactose which kills galK+ bacteria 2,15. An advantage of the galK is the ability of a single gene to be used for the positive and
negative selection steps, instead of other markers which have separate genes for each step, and results in obtaining the desired modification
with high efficiency 2,15.

To facilitate the application of this technique to C. elegans research, we made several changes to the available resources. First, the GFP and
TAP tags are commonly used to generate worm transgenes, so we built in 50 bp regions of homology to each of these tags into the pMOD4
galK-G and pMOD4 galK-GT plasmids which serve as the source of the galK gene 2. These regions allow a single set of oligos to be used for
both stages of the fosmid modification which saves the need to order a second set of somewhat expensive oligos. Second, these plasmids use
the R6K replication origin which precludes the need for digesting the parent plasmid or extensive PCR product purification as the parent plasmid
is not able to replicate in the bacteria used for recombineering, and can only replicate in special strains such as EC100 2,16 (Table 1 and Table
2). Finally, a common way of generating transgenic C. elegans is through the use of biolistic bombardment followed by selection for transgenic
worms via the rescue of the unc-119 mutation 17. To make the fosmids compatible with bombardment, we developed the pLoxP unc-119 plasmid
which can be used to integrate the unc-119 marker on to the fosmid backbone 2.

I. Oligo Design

With recombineering the desired sequences can be inserted at any site within the gene. Common sites are at the 5' end or 3' end depending
on functional domains, splice variants, or post-translational modifications such as cleavage by proteases. The pMOD4 GFP plasmid created by
our lab can be used to insert a FLAG-tagged GFP at any site as the plasmid includes an initiator codon and lacks a 3' stop codon (Figure 1). In
contrast, the TAP tag has specific versions for 5' and 3' fusions due to TEV cleavage used during purification 18,19.

1. Plan the site of tag insertion within the gene. Consider alternate promoters, functional domains, alternative slicing, and post-translational
modifications when considering the insertion site. Different insertion sites could be used to tag all, one, or some isoforms of a specific gene.
Identify 50 bp regions upstream and downstream of the insertion point.

2. Design the oligos (Table 1). Either 100 nM scale - gel purified oligos or Ultramer oligos from Integrated DNA Technologies can be used for the
procedure.
  

To perform galK recombineering, you need to design galK primers with 50 bp homology to an area flanking the desired site to be modified
and the 3' end of these primers bind to the galK cassette, which is present in both pMOD4 galK-G and pMOD4 galK-GT (Figure 1). The
forward oligo will be 5'-------50 bp homology -------CCTGTTGACAATTAATCATCGGCA-3' and the reverse one as 5'-------50 bp homology on
the complementary strand ------- TCAGCACTGTCCTGCTCCT-3'.
  

To perform galK recombineering with GFP, you need to design pMOD4 galK-G or pMOD4 galK-GT primers with 50 bp homology to an area
flanking the desired site to be modified (Figure 1). Be sure to keep the fusion protein in frame. The ATG can be discarded if desired. The 3'
end of these primers bind to regions of GFP homology flanking the galK cassette. Note: The first and last codons of GFP are underlined to
demonstrate the reading frame. The forward oligo will be 5'------- 50 bp homology ------- ATGGATTACAAGGACGATGACGATAAGATGAG -3'
3' and the reverse one 5'------- 50 bp homology on the complementary strand ------- CAAAGCTTGTGGGCTTTTGTATAG-3'
  

To perform galK C-term TAP recombineering, you need to design pMOD4 galK-GT primers with 50 bp homology to an area flanking the
desired site to be modified (Figure 1). Be sure to keep the fusion protein in frame. The 3' end of these primers bind to regions of TAP
homology flanking the galK cassette. Note: The first and last codons of TAP are underlined to demonstrate the reading frame. The forward
oligo will be 5'-------50 bp homology ------ ATGGAAAAGAGAAGATGGAAAAAG - -3' and the reverse one 5'------- 50 bp homology on the
complementary strand ------- GGTTGACTTCCCCGC -3'
  

To perform galK N-term TAP recombineering, you need to design pMOD4 galK-GT primers with 50 bp homology to an area flanking the
desired site to be modified (Figure 1). Be sure to keep the fusion protein in frame. The 3' end of these primers bind to regions of TAP
homology flanking the galK cassette. Note: The first and last codons of TAP are underlined to demonstrate the reading frame. The forward
oligo will be 5'-------50 bp homology ------ ATGGCAGGCCTTGCGC - -3' and the reverse one 5'-------50 bp homology on the complementary
strand -------AAGTGCCCCGGAGGATGAGATTTTCT -3'
  

3. Generate a set of flanking oligos for PCR in later steps as well as for sequencing of the fosmid. These are standard PCR oligos which should
bind ~100 bp upstream and downstream of insertion site.

II. Transfer Fosmid to SW016 Bacteria

The fosmids from the C. elegans fosmid library are provided in the EPI300 bacterial strain (F-mcrA Δ(mrr-hsdRMS-mcrBC) φ80dlacZΔM15
ΔlacX74 recA1 endA1 araD139 Δ(ara, leu)7697 galU galK λ- rpsL nupG trfA tonA) (Epicentre Biotechnologies, Madison, WI) which allows the
fosmid expression to be increased above a single copy per cell to improve DNA yields during purification (Table 2). For recombineering, the
fosmid will need to be transferred to the SW106 bacterial strain (mcrA Δ(mrr-hsdRMS-mcrBC) ΔlacX74 deoR endA1 araD139 Δ(ara, leu) 7697
rpsL recA1 nupG φ80dlacZΔM15 [λc1857 (cro-bioA)<>Tet] (cro-bioA)<>araC-PBAD Cre ΔgalK) (NCI-Frederick) strain which carries the λred
homologous recombination genes under the control of a temperature sensitive λ repressor and an arabinose inducible cre recombinase (Table 2)
15.

1. Order the fosmid clone of Gene of interest (G.O.I.) from GeneService (Cambridge, UK) using Wormbase as a guide. When selecting clones,
we choose ones that have the G.O.I. in the center of the sequence. Ones that exclude neighboring genes might be preferable but could be
hard to find.

2. Culture the fosmid clone of the G.O.I. in LB containing 12.5 μg/mL chloramphenicol at 37°C.
3. Grow a 1.5 mL overnight culture of the fosmid, and mini-prep the fosmid DNA using the Epicentre fosmid prep kit (Epicentre Biotechnologies,

Madison, WI). We follow the alternate protocol described in the instructions which involves adding the Riboshredder mix at an earlier step.
4. Determine the fosmid DNA concentration with a spectrophotometer.
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5. Prepare the electrocompetent SW106 cells by growing a 5 ml overnight culture of SW106 in a 14 mL snap-cap tube with LB broth with 12.5
μg/mL chloramphenicol at 32°C.

6. Inoculate 1 mL into 100 mL of LB with chloramphenicol in a 2 L flask. Grow SW106 bacteria to an OD600 0.6-0.8. Do NOT heat-shock.
7. Pellet by centrifugation at 5000xg for 5 minutes, resuspend the pellet by gentle vortexing, and add 50 mL ice-cold 10% glycerol. Repeat this

wash step once.
8. Pellet the SW106 by centrifugation and aspirate all but ~500 μl of each supernatant
9. Resuspend the pellets by gentle vortexing. Freeze 100 μl aliquots in liquid nitrogen or on dry ice, and store at -80°C for future use.
10. Transform the fosmid DNA into electrocompetent SW106 cells by electroporating the bacteria with ~50 ng of fosmid DNA using an Eppendorf

2510 electroporator at 1350 volts in 0.1 cm gap cuvettes.
11. Recover bacteria in 1 mL LB for 1 hour at 32°C.
12. Plate aliquots on LB plates with chloramphenicol (12.5 μg/mL) and incubate at 32°C overnight.
13. Verify the presence of the G.O.I. by colony PCR. Grow a 5 mL overnight culture in LB with 12.5 μg/mL chloramphenicol at 32°C. Add 0.5 μL

of culture to a standard PCR reaction with the flanking oligos, and increase the initial 95°C incubation to 5 minutes to lyse the bacteria prior to
PCR.

14. Prepare a glycerol stock for long-term storage.

III. Insertion of galK Gene by Recombineering

In the first stage of fosmid modification, the galK gene is inserted into the fosmid by homologous recombination, and the correctly modified
fosmids are selected for by growth on minimal media containing galactose as the sole carbon source (Figure 2A). The SW106 bacteria grow
slowly on the minimal media and 3-5 days are required to see colonies.

1. Prepare MOPS minimal media plates containing 0.2% galactose. MOPS minimal media is available from Teknova Inc. (Hollister, CA) (catalog
#M2106) but do not use the included glucose.
  

MOPS minimal media with 0.2% galactose (1 L)
 

Autoclave 15 grams agar in 870 mL water
 

Cool to 55°C and add:

100 mL 10X MOPS minimal media

5 mL 0.2 mg/ml d-biotin (sterile filtered)

4.5 mL 10 mg/ml L-leucine (1%, heated, then cooled down and sterile
filtered)

10 mL 20% galactose (autoclaved)

1 mL 12.5 mg/ml Chloramphenicol in EtOH

2.55 mL 20% NH4Cl

10 mL 0.132 M dibasic potassium phosphate

2. PCR amplify the pMOD4 galK-G or pMOD4 galK-GT cassettes using the primers designed above. We have used Phusion (New England
Biolabs, Ipswich, MA) or GoTaq (Promega, Madison, WI).

3. Gel purify the resulting band. Quantify the yield by gel or Nanodrop spectrophotometer. This PCR product is ready for step 3.14.
4. Inoculate an overnight culture of SW106 cells containing the fosmid DNA in 5 ml LB with chloramphenicol (12.5 μg/μL). Grow at 32°C.
5. Set shaking water bath to 42°C to warm-up with a sterile 250 ml flask in the holder. Use of a shaking water bath is critical for getting high

efficiency.
6. Add 1 ml of overnight culture to 100 ml of LB and chloramphenicol in a 2 L flask. Grow to an O.D. 0.6-0.8. This usually takes 3-4 hours.
7. Transfer 50 ml of SW106 cells to the 250 ml flask and heat-shock at 42°C for exactly 20 min. in a shaking waterbath at 100 r.p.m. Leave the

remaining bacteria at 32°C as the uninduced control.
8. Cool the induced and uninduced bacteria on ice for 10 minutes.
9. Transfer the samples to two sterile centrifuge tubes and pellet at ~5000xg for 5 minutes.
10. Pour off all of the supernatant and resuspend the pellet in 1 ml ice-cold 10% glycerol by gentle vortexing (i.e. setting 3-4).
11. When resuspended, add another 49 ml ice-cold 10% glycerol, and pellet the samples at ~5000xg for 5 minutes.
12. Repeat step 3.9, 3.10, and 3.11 again.
13. Remove all supernatant by inverting the tubes, and resuspend the pellet in the remaining liquid (approximately 500 μL each). Aliquot

into 100 μL samples, freeze on dry ice, and store at -80°C. These are good for weeks to months. (We usually stop here and perform the
electroporation the following day).

14. Electroporate the induced and uninduced SW106 cells with 150 ng of PCR product using 0.1 cm gap cuvettes in an Eppendorf 2510
electroporator set at 1350 volts.

15. Recover the bacteria in 1 mL LB in a 14 ml Falcon tube. Incubate at 32°C for 4.5 hours.
16. Pellet the bacteria in a microfuge at 13,200 r.p.m. for 15 seconds. The bacteria are resuspended in M9 and then washed twice remove any

rich medium (see below for recipe).
• M9 medium (1 L)
• 6g Na2HPO4
• 3g KH2PO4
• 1g NH4Cl
• 0.5g NaCl
• AUTOCLAVE
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17. After the second wash, the supernatant is removed and the pellet is resuspended in 1 mL M9 before plating serial dilutions in M9 (100 μL,
100 μL of a 1:10 dilution, and 100 μL 1:100) onto MOPS minimal media.

18. Incubate 3-5 days at 32°C in an incubator. Note: Be patient as the true positives grow slowly.
19. Streak a few colonies onto MacConkey agar indicator plates (BD #281810) supplemented with 1% galactose and chloramphenicol 12.5 μg/

mL. All of the colonies appearing after the last step should be galK+, but in order to get rid of any galK- contaminants, it is important to obtain
single, bright pink colonies before proceeding to the second step. The galK- colonies will be white/colorless and the galK+ bacteria will be
bright red/pink due to a pH change resulting from fermented galactose after an overnight incubation at 32°C.

20. Pick a single colony and inoculate a 5 ml LB + chloramphenicol overnight culture for growth at 32°C.
21. Confirm insertion of the galK gene at the proper location via PCR using the flanking oligos. Add 0.5 μL of the culture to a standard PCR

reaction and increase the initial 95°C incubation to 5 minutes to lyse the bacteria. The PCR product should be upshifted in size due to the
presence of the galK gene.

22. Prepare a glycerol stock for storage.

IV. Replacement of galK with Tag Sequences by Recombineering

In this stage the galK gene is replaced by the desired tag sequences and the correctly modified fosmids are selected for by selection against the
galK gene by the toxic galactose analog deoxygalactose (DOG) (Figure 2B).

1. Prepare MOPS minimal media plates containing 0.2% deoxygalactose (DOG) and 0.2% glycerol. MOPS minimal media is available from
Teknova Inc. (Hollister, CA) (catalog #M2106) but do not use the included glucose.
  

MOPS minimal media with 0.2% DOG and glycerol (1 L)
 

Autoclave 15 grams agar in 860 mL water
 

Cool to 55°C and add:

100 mL 10X MOPS minimal media

5 mL 0.2 mg/ml d-biotin (sterile filtered)

4.5 mL 10 mg/ml L-leucine (1%, heated, then cooled down and sterile
filtered)

10 mL 20% deoxygalactose (sterile filtered)

10 mL 20% glycerol (autoclaved)

1 mL 12.5 mg/ml Chloramphenicol in EtOH

2.55 mL 20% NH4Cl

10 mL 0.132 M dibasic potassium phosphate

2. PCR amplify the tag fragments from pMOD4 GFP, pBS1761 (N-term TAP), or pBS1479 (C-term TAP) using the same oligos used in the first
round or using shorter GFP or TAP-specific oligos (the inner sequences in step 1.2). If you are making multiple constructs, it is particularly
useful to use the shorter oligos as the same PCR product can be used for all of the constructs.

3. Gel purify the PCR product and measure the concentration via gel or spectrophotometry.
4. Generate induced and uninduced competent SW106 carrying the fosmid with the galK gene inserted following steps 3.4-3.13 above.
5. Electroporate the induced and uninduced SW106 cells with ~100 ng of PCR product using 0.1 cm gap cuvettes in an Eppendorf 2510

electroporator set at 1350 volts.
6. Recover in 1 ml LB in a 14 ml snap-cap tube and incubate in a 32°C shaker for 4.5 hours.
7. Wash and dilute bacteria as in steps 3.16 and 3.17. Plate bacteria on MOPS minimal media plates containing 0.2% 2-deoxy-galactose (DOG)

and 0.2% glycerol.
8. Incubate at 32°C for three days.
9. Four colonies are used to make 5 mL overnight cultures in LB with 12.5 μg/mL chloramphenicol. These are used for colony PCR as above

to confirm that the cassette was inserted. We use both the shorter GFP/TAP specific oligos and the flanking oligos to demonstrate the right
insert and right site. GFP is ~800 b.p. and TAP is ~550 b.p. whereas galK is 1.4 kb.

10. Prepare a glycerol stock.

V. Addition of unc-119 Gene by cre-loxP Recombination

A common means of generating transgenic animals with the modified fosmids is through the use of biolistic bombardment. This technique uses
DNA-coated gold particles to introduce fosmid DNA into C. elegans. Transgenic animals are usually identified via rescue of the unc-119 mutant
with an unc-119 transgene. In this step, the unc-119 gene is added to the fosmid backbone in cis by cre-loxP recombination with the pLoxP
unc-119 plasmid (Figure 2C).

1. Prepare competent SW106 bacteria carrying the modified fosmid from step 4.9 using steps 2.5-2.9. Do NOT induce at 42°C.
2. Electroporate with 50 ng. pLoxP unc-119 from a mini-prep using 0.1 cm gap cuvettes in an Eppendorf 2510 electroporator set at 1350 volts.
3. Recover bacteria in LB containing 0.1% arabinose for 1 hour at 32°C.
4. Plate aliquots on LB plates containing 50μg/mL ampicillin and 12.5 μg/mL chloramphenicol. Incubate at 32°C overnight. which selects for

integration of pLoxP unc-119 into the fosmid.
5. Grow an overnight culture in LB containing 50μg/mL ampicillin and 12.5 μg/mL chloramphenicol. Use 0.5 μL for PCR verify the presence of

the unc-119 gene with the unc-119 F (5'-CAAATCCGTGACCTCGACAC-3') and unc-119 R (5'-CACAGTTGTTTCTCGAATTTGG-3') oligos
(Table 1).
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6. Make a glycerol stock of the final fosmid.

VI. Large Scale Fosmid Preparation

To facilitate obtaining the larger quantities of fosmid DNA needed for bombardment, in this step the fosmid is transferred to the EPI300 bacteria.
This strain has the ability to increase the fosmid copy number to increase yields during DNA preparation.

1. Grow a 5 mL overnight culture of the bacteria from step 5.5 in LB containing ampicillin and chloramphenicol at 32°C. Use Epicentre fosmid
prep kit to isolate the fosmid from 1.5 mL of culture.

2. Electroporate ~50 ng into the EPI300 bacteria using 0.1 cm gap cuvettes in an Eppendorf 2510 electroporator set at 1350 volts. The EPI300
bacteria can be purchased from Epicentre Biotechnologies (Madison, WI).

3. Recover bacteria in LB for 1 hour at 37°C. Plate aliquots on LB agar containing 50 μg/mL and 12.5 μg/mL chloramphenicol.
4. Grow and induce the EPI300 bacteria containing the modified fosmid using the included instructions. A 50 mL induced culture will give >10 μg

of purified fosmid DNA. Purify the fosmid with the Epicentre fosmid prep kit.

VII. Bombardment

1. Use 10 μg. of fosmid DNA to bombard the DP38 worm strain as described (D. Hochbaum, A. Ferguson, and A. Fisher, JoVE, in press).

VIII. Representative Results

The modification of fosmids via recombineering robust and success rates of >90% in the negative selection step are routinely observed 2. This
protocol also takes ~2 weeks to complete which makes the preparation of transgenes fairly rapid. The protocol has also been tried by other labs
with success 20.

Oligo Sequence

C-term TAP F ATGGAAAAGAGAAGATGGAAAAAG

C-term TAP R GGTTGACTTCCCCGC

FLAG-GFP F ATGGATTACAAGGACGATGACGATAAGATGAG

FLAG-GFP R CAAAGCTTGTGGGCTTTTGTATAG

N-term TAP F ATGGCAGGCCTTGCGC

N-term TAP R AAGTGCCCCGGAGGATGAGATTTTCT

galK F CCTGTTGACAATTAATCATCGGCA

galK R TCAGCACTGTCCTGCTCCT

unc-119 F CAAATCCGTGACCTCGACAC

unc-119 R CACAGTTGTTTCTCGAATTTGG

Table 1. Oligonucleotides used for PCR.

Plasmids Source Available at

Fosmid clone Geneservice Ltd. Geneservice

pGalK 15 NCI-Frederick

pMOD4-RT-G

pMOD4-galK-G

pMOD4-galK-GT

pLoxP- unc-119

pMOD4-GFP

2 Addgene

Bacteria

SW106 15 NCI-Frederick

EPI300

EC100D pir-116

Epicentre Biotechnologies Epicentre

Table 2. Strain and vector availability.
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Figure 1.
 

Diagram of pMOD4-galK-G, and pMOD4-galK-GT, pMOD4 GFP, pLoxP-unc-119
 

The pMOD4-galk-G plasmid consists of the galK cassette (black) flanked by 50 nucleotide regions identical to the 5' and 3' ends of
FLAG(Brown)-GFP (green) while pMOD4-galK-GT consists of the galK cassette flanked by both the FLAG-GFP homology regions and 50
nucleotide regions identical to the 5' and 3' ends of N-terminal and C-terminal TAP (blue and orange, respectively). pMOD4-FLAG -GFP consists
of the full GFP cassette with a 5' FLAG tag and pLoxP unc-119 consists of the unc-119 genomic sequence (purple) in a plasmid containing a loxP
site. All plasmids utilize the R6K-based pMOD4 (red) backbone which is unable to replicate in SW106.

Figure 2.
 

Overview of galK recombineering process
 

Figure 2A -2C Separate figures showing the steps and time involved in recombineering using the galK cassette. These are the same figures
that are merged in figure 2d, but provided separately for clarity and ease of reading. A fosmid of interest is first modified in a two-step procedure
involving the insertion of the galK cassette flanked by 50 bp regions of homology to FLAG-GFP or TAP (Figure 2A) followed by replacement of
this cassette by FLAG-GFP or TAP ( Figure 2B). Later the unc-119 marker for use in generating transgenic animals is inserted into the LoxP site
on the fosmid backbone (Figure 2C).
 

Figure 2D shows a merged figure of galK recombineering procedure.
 

Outline of galK recombineering procedure as described in the above including time required for each step from merging Figure 2A-2C.

 

Figure 2a. The galk insertion in galk recombineering.
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Figure 2b. The TAG (GFP /TAP) insertion in galk recombineering.

 

Figure 2c. The addition of unc-119.

 

Figure 2d. The merged overview of galk recombineering.

Discussion

The generation of transgenes from fosmids offers the benefit of retaining all of the native promoter elements, splice variants, and 3' UTR
regulatory elements. This can lead to the construction of a transgene which is more reflective of the native expression pattern, or the construction
of a functional transgene when other approaches fail 5. The resulting transgenes can carry a variety of epitope tags including GFP or a TAP tag.

The construction of transgenes involved three steps which are all carried out in the SW106 bacterial stain 15. First, the galK gene is integrated
into the desired site in the fosmid to be modified through recombineering with a PCR product carrying galK flanked by homology arms
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complementary to the target fosmid. An improvement we developed is the integration of homology regions for either FLAG-GFP or a TAP tag into
the galK cassette allowing a single set of oligos to be used for the first and second steps of fosmid modification and lowering the cost of oligos.
A further simplification is the use of an R6K-based vector, which is unable to replicate in the SW106 bacterial strain and eliminates the need to
digest the parent vector. Second, the galK cassette is replaced with tags such as GFP or TAP which are then fused with the gene of interest
on the fosmid. This step is very robust and many correctly modified fosmids are routinely obtained. Finally, the unc-119 selectable marker for
the generation of transgenic worms is added to the fosmid. This creates a marker in cis and directly linked to the modified fosmid. The unc-119
selectable marker is widely and compatible with both microinjection and biolistic bombardment 17,21. Bombardment is particularly useful as
significant numbers of transgenic lines can be generated by a single trial and even inexperienced personnel can create transgenic animals.

A key aspect of this protocol is the use of a shaking water bath incubator for the heat shock steps during the preparation of SW106 competent
cells. We found that use of an air incubator was unable to heat the bacterial culture to 42°C even after 30 minutes in the shaker (not shown).
We also tried immersing the bacteria in a water bath with suboptimal results (not shown). A shaking water bath can be purchased used from a
number of companies if not already available in the lab.

Beyond the insertion of GFP or epitope tags, we have also started to use this technique for site-specific mutagenesis of worm genes carried on
fosmids (A. Ferguson and A. Fisher, unpublished). This was accomplished via the use of a single-stranded oligo containing the change flanked
by 50 bp upstream and downstream of the site to replace the galK gene. The combination of fosmid mutagenesis coupled with the use of a
gene knockout mutant could allow the in vivo function of particular gene isoforms, domains, or specific amino acids to be determined. Further
our protocol removes the galK marker at the end so it is possible to perform additional rounds of modification to insert additional epitope tags or
perform mutagenesis on a tagged construct.

Finally, it is likely that some of these reagents can be used in the construction of modified BACs or fosmids by labs not using worms. The pMOD4
galK-G and pMOD4 galK-GT genes still retain the entire galK gene so previously published oligos can still be used to amplify the galK gene 15.
This will still retain the benefits of using the R6K replication origin with regards to not needing to digest the parent plasmid or carefully purify the
PCR product.
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